Background/purpose The combined contributions of oncogenes and tumor suppressor genes toward carcinogenesis remain poorly understood. Elucidation of cancer gene cooperativity can provide new insights leading to more effective use of therapies. Experimental design/Methods We used somatic cell genome editing to introduce singly and in combination PIK3CA mutations (E545K or H1047R) with TP53 alterations (R248W or knockout), to assess any enhanced cancerous phenotypes. The non-tumorigenic human breast epithelial cell line, MCF10A, was used as the parental cell line, and resultant cells were assessed via various in vitro assays, growth as xenografts, and drug sensitivity assays using targeted agents and chemotherapies. Results Compared to single-gene-targeted cells and parental controls, cells with both a PIK3CA mutation and TP53 alteration had increased cancerous phenotypes including cell proliferation, soft agar colony formation, aberrant morphology in acinar formation assays, and genomic heterogeneity. Cells also displayed varying sensitivities to anti-neoplastic drugs, although all cells with PIK3CA mutations showed a relative increased sensitivity to paclitaxel. All cell lines remained non-tumorigenic. Conclusions This cell line panel provides a resource for further elucidating cooperative genetic mediators of carcinogenesis and response to therapies.
Introduction
TP53 and PIK3CA are the two most frequently mutated genes in primary breast cancer and have the highest rate of co-occurrence among the top five mutated genes [1] . In a prior study, 120 primary breast tumors were sequenced and demonstrated that the frequency of mutations in both TP53 and PIK3CA was approximately 5.3% [1] . Although our lab has studied these mutations in isolation using isogenic cell lines derived through genome editing [2] [3] [4] [5] [6] , several of our recent reports have described oncogene cooperativity when two oncogenic mutations are introduced within an isogenic background in both cancerous and non-cancerous cell lines [6, 7] . However, the cooperative effects of tumor suppressor genes with oncogenes in this context have not been as well studied.
Cancer is a complex and multifaceted disease with fluctuating phenotypes due to both inter-and intratumoral heterogeneity. This inherent variability is due to genomic instability, which generates somatic mutations/alterations that can lead to clonal expansion due to selective pressures such as the microenvironment and anti-cancer therapies [8] . In this study, we paired one of two PIK3CA hotspot mutations, either E545K or H1047R, with either TP53 gene knockout or a common TP53 missense mutation, R248W, in the non-tumorigenic human breast epithelial cell line, MCF10A. We demonstrate that the incorporation of a TP53 alteration with a PIK3CA mutation results in more aggressive cancerous features in vitro, and an increase in genomic instability with resultant cellular heterogeneity, more accurately reflecting the situation in human cancers. In addition, we utilized this panel to show that despite clonal heterogeneity, cells harboring a PIK3CA mutation demonstrated an increased sensitivity to the chemotherapeutic agent paclitaxel. This panel of closely related cell lines provides a tool for modeling tumor heterogeneity and allows us to ascribe phenotypic differences and drug responses to a given mutation or set of mutations, despite clonal differences arising from genomic instability.
Materials and methods

Cell culture
Cell lines were grown in 5% CO 2 at 37°C. The nontransformed human breast epithelial cell line MCF10A [9] and its derivatives were grown in DMEM/F12 (1:1) supplemented with 5% horse serum (Hyclone), EGF at 20 ng/ ml, insulin at 10 lg/ml, hydrocortisone at 0.5 lg/ml, and cholera toxin at 0.1 lg/ml. Cell lines with gene-targeted PIK3CA mutations were grown in similar DMEM/F12 media without EGF since these cell lines are EGF independent [5] . All supplements were purchased from SigmaAldrich unless otherwise noted.
Gene targeting of PIK3CA mutations
Targeted knockin of PIK3CA exon 9 (E545K) and exon 20 (H1047R) mutations into MCF10A cells already carrying a heterozygous TP53 R248W knockin mutation [10] or MCF10A cells carrying a homozygous TP53 deletion in exon 2 [11] was conducted as previously described [5, 12] .
Cell proliferation assays
Exponentially growing cells were washed with Hanks' Buffered Saline Solution (HBSS) and seeded at a density of 1 9 10 3 cells/ml in six-well plates. Cell proliferation assays were performed in DMEM/F12 containing 1% charcoal dextran-treated fetal bovine serum with remaining components identical to growth media except that EGF was supplemented at 20, 0.2, or 0 ng/ml as indicated. At days 0, 3, 6, 9, and 12, cells were counted using a Beckman Coulter Vi-Cell XR counter. All cell lines were counted in triplicate.
Matrigel acinar formation assays
Five thousand cells were seeded into eight-well chamber slides containing a solid base layer of Growth Factor Reduced Matrigel (BD Biosciences). Cells were cultured in a 2% Matrigel in DMEM/F12 cell proliferation medium with 1% charcoal dextran-treated fetal bovine serum with varying EGF conditions of 20, 2 or 0 ng/ml as indicated. The assay media was changed every 4 days for 2 weeks.
Anchorage-independent growth in semisolid medium 2 9 10 4 exponentially growing cells were cast in 3 ml of top-layer medium composed of assay media of varying EGF conditions as described above, and 0.4% UltraPure Agarose (Invitrogen). This mixture was poured on top of a 2 ml bottom layer containing 0.6% agarose in six-well tissue culture plates. Assay media were added to the wells once a week.
Centrosome immunofluorescence
Cells were assayed for centrosome numbers as previously described [4, 10] . Briefly, cells were seeded at 1 9 10 5 density into eight-well chamber slides and allowed to grow for 2 days. Slides were washed, fixed, and then incubated in ice-cold acetone for 1 min at room temperature. Following several washes, slides were treated with 5% goat serum in 0.3% Triton X-100 for 2 h at room temperature. Slides were then treated with a 1:1000 dilution of rabbit anti-c-tubulin primary antibody (Sigma, T5192) for 1 h at room temperature. Slides were washed and a 1:100 dilution of goat anti-rabbit IgG-Alexa488 secondary antibody (Life, A11034) was added to the slides for 25 min at room temperature. The slides were then washed and stained with a 1:200 dilution of Texas Red-X-Conjugate Wheat Germ Agglutinin (Life, W21405) for 5 min followed by several washes. A 19 DAPI stain (Sigma, D9542-SMG) was added for 1 min. Slides were mounted with Prolong Gold and imaged using a Nikon fluorescence microscope and NISElements BR 2.30 imaging program.
Fluorescence in situ hybridization (FISH)
Cells were seeded at 3 9 10 4 density into eight-well chamber slides and allowed to grow to 90% confluency. Cells were fixed overnight in a 10% buffered formalin solution and allowed to dry at bench top the following day. Slides were then treated with 2N HCl for 20 min and treated with the Vysis Pretreatment Kit I as previously described [10] . Briefly, slides were washed with a 29 SSC buffer and incubated in the provided pretreatment buffer at 
Immunoblotting
Cells were seeded in six-well plates using EGF-free DMEM/F12 medium with 1% charcoal dextran-treated fetal bovine serum. Cells were harvested after 48 h for protein lysates. Immunoblotting was performed as previously described [7] . Briefly, whole-cell protein extracts prepared in Laemmli sample buffer were resolved by SDS-PAGE using NuPAGE gels (Invitrogen), transferred to Invitrolon PVDF membranes (Invitrogen), and probed with primary antibody followed by incubation with horseradish peroxidase-conjugated secondary antibodies. Antibodies used for this study are listed in Table S1 .
Cell cycle analysis
Previously plated cells were washed and resuspended in ice-cold PBS and added dropwise to 70% ethanol. Cells were incubated at -20°C overnight for ethanol fixation.
The following day, cells were pelleted and washed with cold phosphate buffered saline (PBS) and resuspended in propidium iodide (500 lg/ml) in 0.1% Triton in PBS. Cells were analyzed by flow cytometry.
Copy number variance and loss of heterozygosity
The Illumina Human OmniExpress Bead Chip kit (Illumina, WG-312-3001) was used to analyze cell line gDNA for global chromosomal changes, including copy number variance (CNV) and loss of heterozygosity (LOH), when compared to the parental MCF10A cell line as per the manufacturer's protocol. Analysis was carried out as previously described [13] .
Drug sensitivity assays
Preliminary dose-response curves were determined with drugs administered at various concentrations in assay media containing 2 ng/ml EGF. Equivalent concentrations of DMSO were used as vehicle controls. Cells were then analyzed on day 7 using a colorimetric sulforhodamine B (SRB) assay and cell counts as per proliferation assays described above. Drug concentrations (Table S2) were selected for observable responses and cell counting assays were carried out as described above for proliferation assays. Cells were seeded at a density of 3 9 10 3 cells per well into six-well plates and exposed to drugs at a concentration determined from viability curves. Cells were assayed on day 7. Each cell line was run in triplicate and compared to DMSO vehicle controls. Assays were independently performed at least three times.
In vivo xenograft assays 8-to 10-week-old female athymic nude mice (Harlan Laboratories, Indianapolis, IN) were used for in vivo assays. For xenografts, mice were injected subcutaneously in either flank with 200 ll mixture containing 2 9 10 6 cells in 20% PBS and 80% Growth Factor Reduced Matrigel (BD Biosciences). Tumor volumes were calculated by multiplying length, width, and height for each individual tumor. All animal experiments were performed in accordance with institutional and The National Institutes of Health Guide for the Care and Use of Laboratory Animals guidelines.
Statistical analysis
All statistical analyses were carried out using GraphPad Prism 6 software. Relative proliferation rates were c Fig. 2 Growth phenotypes of TP53/PIK3CA double-mutant cell lines. a Proliferation assays in no EGF conditions. Double mutants with TP53 KI (R248W) and PIK3CA E545K or H1047R mutations showed a growth advantage over double mutants harboring a TP53 KO mutation (***p value \0.001). Assays were performed in triplicate within each proliferation assay, and each assay was performed at least 4 times. Representative results are shown using multiple independent clones. b TP53/PIK3CA double-mutant cell lines form unique structures in Matrigel. Cells were seeded at equal densities in Matrigel as described in Sect. ''Materials and methods''. All double-mutant cells (bottom panels) showed extensive protrusions and irregular morphological transformations. Assays were performed at least 3 times and results shown are representative of multiple independent clones. c TP53/PIK3CA double-mutant cell lines form large colonies in soft agar. All double-mutant cell lines were capable of colony formation in soft agar (bottom panels), while single-mutant and parental cell lines showed minimal to no colony formation (top panels). Assays were performed at least 3 times and results shown are representative of multiple independent clones. MCF10A = parental cells, TP53 KI = MCF10A with TP53 R248W knockin mutation, TP53 KO = MCF10A with TP53 knockout, PIK3CA KI = MCF10A with single PIK3CA E545K knockin, KI_9 = MCF10A with TP53 R248W knockin and PIK3CA E545K knockin, KI_20 = MCF10A with TP53 R248W knockin and PIK3CA H1047R knockin, KO_9 = MCF10A with TP53 knockout and PIK3CA E545K knockin, and KO_20 = MCF10A with TP53 knockout and PIK3CA H1047R knockin. Bars = 100 lm analyzed by two-way ANOVA. Results from the clonogenic assay, FISH, and centrosome immunofluorescence experiments were compared to control samples using unpaired t-tests.
Results
Genome editing to create a panel of cell lines harboring both a PIK3CA mutation and TP53 alteration Using AAV-mediated gene targeting, the PIK3CA E545K mutation or the H1047R mutation was incorporated into MCF10A cells already containing either the TP53 R248W mutation or a homozygous deletion, both of which were previously described [10, 11] . A schematic representation of the cell line panel created and used in this study is shown in Fig. 1a . Representative Sanger sequencing traces for each set of clones are shown in Fig. 1b , as well as PCR amplicons demonstrating lack of wild-type alleles for the TP53 knockout gene-targeted clones (Fig. 1c) , since sequencing cannot be performed at the deleted locus. Multiple independently derived clones for each set of mutations were created, using independently derived TP53 altered cell lines.
Cells harboring both a PIK3CA and TP53 mutation or knockout exhibit distinct growth phenotypes
To assess growth phenotypes, proliferation assays were carried out in six-well plates in the absence of epidermal growth factor (EGF). Parental MCF10A cells require EGF to maintain normal proliferation and removal of EGF from the media leads to G1 arrest [9] . We have previously shown that knockin of a PIK3CA hotspot mutation leads to activation of the Phosphoinositide 3 (PI3) kinase pathway and EGF-independent growth [5] . As shown in Fig. 2a , in the absence of EGF, all cell lines harboring a PIK3CA mutation exhibited increased growth compared to parental MCF10A cells or single TP53 knockout or TP53 knockin R248W mutant cells (Fig. 2a) . Furthermore, cell lines harboring both a TP53 knockin R248W mutation and a PIK3CA mutation showed a significant growth advantage compared to their TP53 knockout/ PIK3CA mutant counterparts, although TP53 knockout/ PIK3CA mutant cell lines still proliferated at approximately the same rate as single PIK3CA knockin cells (***p \ 0.001). These results confirm our earlier work and findings by others demonstrating that TP53 missense mutations may impart a gain of function compared to loss of p53 [10, 14] .
Double-mutant cell lines exhibit morphological changes and anchorage-independent growth in 3D culture
The panel of cell lines was assayed in Matrigel, a threedimensional basement membrane culture, which supports acini formation of mammary epithelial cells in vitro. It has been previously shown that the parental MCF10A cell line, TP53, and PIK3CA single-mutant cell lines form normal acini in low doses of EGF [5, 10] . However, cell lines harboring both a PIK3CA mutation and TP53 mutation or knockout showed significant morphological changes, including protrusions at the borders of acini, bridging between neighboring acini, and loss of structural integrity (Fig. 2b) . These features mimicked the invasive process characteristic of cancers and suggest that the combination of TP53 alterations with PIK3CA mutations increase transformed properties of cells compared to their singlemutant or knockout counterparts.
In order to assess the effect of combined TP53/PIK3CA alterations on anchorage-independent growth, cells were grown in a soft agar colony formation assay. As with the Matrigel acinar formation assay, all cells were cultured in physiological (0.2 ng/ml) doses of EGF. In agreement with our previously published studies [5, 10] , single PIK3CA mutant or TP53 mutant/knockout cells did not exhibit increased colony formation over parental controls. However, the double-mutant cell lines were capable of extensive colony formation, regardless of the PIK3CA mutation or whether cells contained TP53 knockout or knockin of the TP53 R248W mutation (Fig. 2c) . These results, along with the abnormal morphology seen in Matrigel assays, confirmed that PIK3CA mutant/TP53-altered cell lines Green represents immunofluorescent staining of c-tubulin for centrosome identification, while blue identifies nuclear labeling with DAPI. Centrosome counts of one and two are considered normal. c Double mutants show an increase in polyploidy. Cells with [4n were determined using propidium iodide labeling followed by flow cytometry. Results are shown in both the absence and presence of physiologic (0.2 ng/ml) levels of EGF. MCF10A = parental cells, TP53 KI = MCF10A with TP53 R248W knockin mutation, TP53 KO = MCF10A with TP53 knockout, PIK3CA KI = MCF10A with single PIK3CA E545K knockin, KI_9 = MCF10A with TP53 R248W knockin and PIK3CA E545K knockin, KI_20 = MCF10A with TP53 R248W knockin and PIK3CA H1047R knockin, KO_9 = MCF10A with TP53 knockout and PIK3CA E545K knockin, and KO_20 = MCF10A with TP53 knockout and PIK3CA H1047R knockin exhibited increased properties of transformation. However, xenograft assays via subcutaneous inoculation in athymic nude mice did not result in tumor formation, suggesting that the combination of PIK3CA mutations with TP53 alterations was not sufficient to fully transform MCF10A cells (data not shown).
Double-mutant cell lines harboring both a TP53
and PIK3CA alteration exhibit a higher rate of centrosome amplification It was previously suggested that loss of functional p53 often coexists with aneuploidy, an increase in centrosomes, and ultimately an increase in genomic instability [15, 16] . However, Bunz et al. demonstrated that inactivation of p53 alone in the mismatch repair-deficient colorectal cancer cell line, HCT-116, was not sufficient for the development of aneuploidy [17] . In order to determine if PIK3CA mutations could cooperate with TP53 alterations in the development of irregular cell division possibly leading to aneuploidy, centrosome amplification was assessed using fluorescence staining and microscopy. As seen in Fig. 3a , all double-mutant cell lines experienced a significant (*p \ 0.05) increase in centrosome amplification when compared to parental and single-mutant cell lines. Additionally, cell lines harboring a mutation in PIK3CA and mutation or knockout of TP53 exhibited irregular mitotic bodies due to centrosome amplification (Fig. 3b) . Prior work has shown that centrosome amplification can lead to chromosomal mis-segregation and aneuploidy, and is an underlying contributor to loss of cell cycle fidelity and genomic instability [18] . Given these results, we investigated the ploidy of these cell lines using flow cytometry. As shown in Fig. 3c , cell lines with both a PIK3CA mutation and a TP53 mutation or knockout, on average, exhibited a higher percentage of cells with DNA content [4n in both physiologic levels (0.2 ng/ml) and absence of EGF (Fig. 3c) . Intriguingly, TP53 knockout cell lines in the absence of EGF demonstrated an increase in polyploidy, with the KO_9 cell line exhibiting almost a tenfold higher percentage of polyploid cells. Clonal variation secondary to disruption of p53 function may explain the heterogeneous results seen in these assays.
TP53 and PIK3CA alterations exhibit an elevated rate of genomic instability
In order to determine if double mutants had increases in genomic instability, Fluorescence In Situ Hybridization (FISH) was performed on the panel of cell lines to assess how often a given gene probe differed from the modal population. Such analyses have been used previously to measure rates of genomic instability [19] . TP53/PIK3CA-altered cells showed varying degrees of increased genomic instability when compared to the parental and single-mutant cell lines. However, this increased rate was relatively small, and only statistically significant in the KO_9 and KO_20 cell lines (*p \ 0.05) (Fig. 4a) . To determine whether this minor increase in genomic instability could result in tumor heterogeneity, we performed copy number analysis on the panel of cell lines using the Illumina OmniExpress ChIP Array. As shown in Fig. 4c , cell lines harboring both a PIK3CA mutation and a TP53 mutation or knockout showed higher copy number gains and losses. Notably, however, TP53 knockout cells had a number of genomic alterations as we have previously described [10, 11] . The KO_9 and KO_20 clones, which are derived from the TP53 KO shown in Fig. 4c , have unique gains and losses which may be the result of single-cell cloning of the TP53 KO parental line, without contribution from the PIK3CA knockin mutation. Arguing against this is the fact that knockin of a PIK3CA mutation within the TP53 KI cell line (KI_9) also resulted in unique copy number changes relative to the parental TP53 KI or PIK3CA (E545K) cell lines. The results of these copy number analyses, combined with the data from our centrosome and FISH assays, support the notion that PIK3CA mutations may cooperate with TP53 alterations to increase the rate of genomic instability that drives tumor heterogeneity.
MCF10A cells harboring a PIK3CA mutation are sensitive to paclitaxel regardless of TP53 mutation status
Having established that our cell line panel had inherent genetic instability with resultant heterogeneity akin to human cancers, we next wished to determine whether any predictive markers could be associated with the efficacies of various anti-cancer therapies. In contrast to our past work using isogenic cell lines without inherent genomic c Fig. 4 Double mutants have varying levels of genomic instability. a Relative copy number (CN) deviation from the modal population was determined using fluorescent in situ hybridization (FISH). Three genes (c-MYC, EGFR, BCR) were randomly selected and analyzed with FISH probes. (*p \ 0.05). b Representative FISH images for each cell line. EGFR probe (red) and BCR probe (green) with DAPI staining for nucleic acids shown in blue. c CNV data were summarized in the table with representative clones for each set of mutations. All cells were normalized to parental MCF10A. MCF10A = parental cells, TP53 KI = MCF10A with TP53 R248W knockin mutation, TP53 KO = MCF10A with TP53 knockout, PIK3CA KI = MCF10A with single PIK3CA E545K knockin, KI_9 = MCF10A with TP53 R248W knockin and PIK3CA E545K knockin, KI_20 = MCF10A with TP53 R248W knockin and PIK3CA H1047R knockin, KO_9 = MCF10A with TP53 knockout and PIK3CA E545K knockin, and KO_20 = MCF10A with TP53 knockout and PIK3CA H1047R knockin instability, this panel of cell lines more closely recapitulates the situation in human cancers where driver mutations exist in all cancer cells, but genomic instability could lead to the emergence of drug-resistant clones. Although this presents opportunities to identify genetic effectors of drug resistance (i.e., a single-drug-resistant cell line/outlier could be compared genetically with the remaining drug sensitive sib clones), we chose initially to focus our efforts on drugs which demonstrated a global anti-proliferative effect across all cell lines with a given mutation. In this manner, there would be greater confidence that any genetic alteration associated with a specific drug response would be a bona fide predictive marker of sensitivity or resistance.
We initially tested a number of chemotherapies relevant to breast cancer, including cisplatin, 5-FU, taxanes, and doxorubicin, and demonstrated that only the taxane, paclitaxel, showed increased sensitivity with any cell line that harbored a PIK3CA mutation (Fig. 5a ) (data not shown for cisplatin and 5-FU; doxorubicin described below). As a cell line panel, the sensitivity was striking and statistically significant (p \ 0.001), regardless of which PIK3CA mutation was present (E545K or H1047R), or whether TP53 was wild-type, heterozygous for R248W, or knocked out. In contrast, the synthetic taxane, docetaxel, did not demonstrate any uniform sensitivity for cells harboring PIK3CA mutations, suggesting that this effect was specific Results shown are representative examples of multiple independent assays. a Cells were maintained in 2.5 nM paclitaxel in assay media for 1 week (***p \ 0.001). b Cells were maintained with 60 pM of docetaxel in assay media for 1 week (ns = not significant). MCF10A = parental cells, TP53 KI = MCF10A with TP53 R248W knockin mutation, TP53 KO = MCF10A with TP53 knockout, PIK3CA KI = MCF10A with single PIK3CA E545K knockin, KI_9 = MCF10A with TP53 R248W knockin and PIK3CA E545K knockin, KI_20 = MCF10A with TP53 R248W knockin and PIK3CA H1047R knockin, KO_9 = MCF10A with TP53 knockout and PIK3CA E545K knockin, and KO_20 = MCF10A with TP53 knockout and PIK3CA H1047R knockin. c Parental MCF7 (Ex. 9 MUT) cells with endogenous mutant PIK3CA E545K and Corrected (Ex.9 WT) MCF7 cells engineered with wild-type-only PIK3CA were maintained in 1.2 nM paclitaxel in assay media for 1 week (**p \ 0.01). d Parental MCF7 (Ex. 9 MUT) cells with endogenous mutant PIK3CA E545K and Corrected (Ex.9 WT) MCF7 cells engineered with wild-type-only PIK3CA were maintained in 25 pM of docetaxel in assay media for 1 week (ns = not significant) for paclitaxel (Fig. 5b) . In order to determine whether these findings were recapitulated in another human breast cancer cell line, we took advantage of a previously described model that employed genome editing to ''correct'' the PIK3CA E545K mutation back to wild type in the estrogen receptor-positive human metastatic breast cancer cell line, MCF7 [20] . As shown in Fig. 5c and d, parental MCF7 cells with the PIK3CA E545K mutation had increased sensitivity to paclitaxel (p \ 0.01), but not docetaxel, compared to MCF7 cells with wild-type PIK3CA. These results suggest that our panel of cell lines could potentially be utilized to assess predictive biomarkers of response to cytotoxic agents despite the tumor heterogeneity that exists within a patient.
PIK3CA mutant/TP53-altered cells exhibit variable responses to drugs
To further demonstrate the utility of our cell line panel, we next exposed cells to additional targeted and non-targeted therapies including MK2206 (AKT inhibitor), BYL719 (PI3 Kinase inhibitor), everolimus (RAD001; mTOR inhibitor), lapatinib (EGFR/HER2 inhibitor), PRIMA-1 (p53 R248W inhibitor), and the chemotherapeutic agent, doxorubicin. In contrast to the prior results with paclitaxel and PIK3CA mutations, all these agents had variable responses across the panel of cell lines. For example, the AKT inhibitor MK2206 did show significant growth inhibitory changes in the majority of cell lines harboring a PIK3CA mutation (**p \ 0.01) relative to parental MCF10A and cell lines harboring a single TP53 alteration. However, there was a notable exception in cell lines harboring a single PIK3CA E545K (Ex. 9) mutation (Fig. 6a) . Interestingly, the PI3 kinase inhibitor BYL719 did not show consistent results in terms of increased sensitivity in cells harboring a PIK3CA mutation, although notably cells with both a PIK3CA E545K mutation and TP53 alteration appeared to be most sensitive to this compound relative to parental MCF10A (Fig. 6b ) (*p \ 0.05).
Other targeted agents revealed responses that may be mutation-specific. For example, cells harboring both a PIK3CA H1047R and TP53 alteration were resistant to the dual EGFR/HER2 kinase inhibitor lapatinib relative to single PIK3CA H1047R (Ex. 20) cells. (*p \ 0.05, **p \ 0.01 and ***p \ 0.001) (Fig. 6c) . However, cells with both a TP53 alteration and a PIK3CA E545 K (Ex. 9) mutation did not show relative resistance to lapatinib compared to cells with only a PIK3CA E545K mutation. This is consistent with recent reports that the mechanisms of activation of individual PIK3CA mutants are likely distinct, suggesting drug sensitivity and resistance may also depend on the particular mutation present within a given oncogene [21] [22] [23] .
For the remaining agents, everolimus, PRIMA-1, and doxorubicin, no consistent patterns were observed in our cell line panel (Fig. 6d-f) . Although for each drug there were cell lines that appeared sensitive to these agents, there was no uniformity between clones precluding the ability to ascribe genotype to phenotype. Clonal variability/heterogeneity likely accounts for these differing results, and in many ways this mirrors clinical mixed responses seen in patients with multiple sites of metastases undergoing systemic therapies. Further analysis of clones exhibiting increased resistance or susceptibility may identify additional genetic alterations that could lead to a better understanding of the mechanisms of drug sensitivity and resistance.
Discussion
Although numerous studies have examined the contributions of PIK3CA and TP53 toward carcinogenesis and drug resistance, there have been far fewer studies evaluating the interactions of these two genes and how they may cooperate to increase hallmarks of cancer. Here, we generated and used a panel of relatively isogenic cell lines harboring a PIK3CA mutation and TP53 mutation or deletion in a non-tumorigenic human breast epithelial cell line. Our study provides evidence for oncogene/tumor suppressor gene cooperativity in breast carcinogenesis, as shown in our in vitro assays, and it also demonstrates that this cooperativity can increase genomic instability resulting in greater tumor heterogeneity.
The cell line panel generated in this study provides a platform for examining clonal differences between a set of closely related cell lines harboring the two most common mutations in breast cancer. We found that certain phenotypic changes were the cooperative result of the mutations and alterations introduced within both the PIK3CA and TP53 genes. For example, cells with both a PIK3CA mutation and TP53 alteration demonstrated a significant growth advantage compared to parental controls. Additionally, irregular acini formation and invasive growth in 3D culture were observed only in the presence of mutations/alterations in both TP53 and PIK3CA, regardless of the type of mutation or alteration. The absence of these phenotypes in the single-mutant cell lines suggests that mutations in both pathways are required to observe transformative properties in 3D culture. While the dysregulation of both the TP53 and PIK3CA pathways was enough to confer increased proliferation and irregular growth in 3D culture, this was not sufficient for growth as tumor xenografts. Therefore, we can infer that additional genetic alterations are needed to produce a fully tumorigenic phenotype.
We also demonstrated that PIK3CA mutations and TP53 mutation/deletion can combine to increase genomic instability. Although it is not clear what the mechanism of this may be, there are converging nodal points between these two pathways that may contribute to this. In our hands, the increase in genomic instability was small, though reproducible, and confirmed via analysis of centrosome amplification, DNA ploidy analysis, and FISH. FISH has the advantage of measuring how often a given genomic region deviates in copy number from the modal population, thus measuring the true ''rate'' of instability rather than the ''state'' as observed with copy number analysis using a bulk population of genomic DNA. A limitation of this approach is the use of only two or three probes; however, we also showed increases in centrosome amplification in cells with both TP53 alteration and PIK3CA mutation. As demonstrated by us and others, this is a hallmark of chromosome mis-segregation and a possible mechanism leading to genomic instability [10, 24] .
It is known that most cancers are initiated by several ''driver'' genes that are thought to be present in all progeny [25] . However, unique mutations within subclones can emerge as dominant populations at metastatic sites due to clonal selection from either the local microenvironment and/or drug resistance after therapy [26] . Our cell lines employ the stepwise introduction of PIK3CA mutations along with TP53 alterations within the same cellular background giving rise to subclones with genetic variability. This may more accurately reflect the clinical situation in any given patient. Moreover, due to their relatively isogenic nature and the known ''driver'' gene alterations that have been engineered within these cell lines, we believe that this cell line panel enables us to an observed phenotype to a specific genotype, e.g., paclitaxel sensitivity present in all PIK3CA mutant clones, versus phenotypes that may be due to secondary mutations arising from genomic instability, as was observed for many of the drugs tested in this study. Furthermore, due to the relatively isogenic nature of MCF10A derivatives, clones expressing unique resistant or sensitive properties could be further characterized relative to their sib cell line(s) with opposing phenotypes. We envision that whole genome, exome, and RNA seq studies could be performed to identify secondary mediators of sensitivity/resistance due to clonal heterogeneity, further increasing our understanding of the pathways that can mediate drug resistance and other cancer phenotypes.
